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Summary 
Characterising the genome of mature virions is pivotal to understanding the highly 
dynamic processes of virus assembly and infection. In dsDNA and dsRNA viruses, 
the packaged double-stranded nucleic acid, constrained by the rigidity of the double-
helix, adopts a liquid crystalline arrangement1–5. Owing to the different cellular fates 
of DNA and RNA, the life cycles of these viruses are strikingly dissimilar. Current 
models suggest that dsDNA viruses predominantly display single-spooled 
conformations due to the lack of genome segmentation and the absence of intra-
capsid transcriptional machinery6–8. As dsRNA triggers host defence mechanisms if 
released into the cytoplasm9, dsRNA viruses retain their genomes within a core 
particle containing the enzymes required for RNA replication and transcription10,11,12. 
Their genomes vary greatly in the degree of segmentation. In reoviruses (Reoviridae, 
10–12 segments) the genome organizes in nonspooled fashion and is tightly 
associated with the viral RNA-dependent RNA polymerases (RdRPs)11-14. However, 
whether this organization is generally applicable in dsRNA viruses remains unknown. 
Here, we use cryogenic electron microscopy (cryo-EM) to show that dsRNA viruses 
can adopt dsDNA-like single-spooled genome organisations by resolving the dsRNA 
genome structure of bacteriophage ϕ6 (Cystoviridae, 3 segments). We find that in 
this group of viruses, the RdRPs do not direct the  genome arrangement and that the 
dsRNA can adopt multiple organizations. We build a model for 90% of the genome 
allowing us to quantify variation in the packing density and to describe the different 
liquid crystalline geometries exhibited by the tightly compacted nucleic acid. The 
results enable us to extend the canonical model for dsDNA packing to a model 
organism for the study of packaging and intra-capsid transcription in dsRNA viruses. 
Main text 
Bacteriophage ɸ6 of the Cystoviridae family is a model for the study of genome 
packaging, replication, and transcription in dsRNA viruses. The ɸ6 nucleocapsid 
encompasses ~8–12 copies of the RdRP (P2) and a tri-segmented genome15–18. To 
elucidate the dsRNA genome organisation in ɸ6, we first determined the structure of 
the icosahedral double-shelled capsid to 3.5 Å resolution by cryo-EM (Fig 1a; 
Extended Data Figure 1; Extended Data Tables 1, 2). Consistent with our earlier 
findings, 240 trimers of the P8 and 60 asymmetric P1A–P1B dimers create the outer 
and inner capsid shells, respectively18. Employing a multimodal priors maximum 
likelihood refinement and volume classification without any symmetry constraints 
(see Methods), we resolved several asymmetric structures of the dsRNA below 
radius of ~220 Å (Fig 1b, Extended Data Figure 1, Extended Data Table 2). In 
some regions, the major and minor grooves of the A-form double helix are 
discernible (Fig 1b, inset).  Most of the dsRNA follows an approximate D3 symmetry 
(Fig 1c) with five layers of supercoiled dsRNA spooled around an icosahedral three-
fold symmetry axis (Fig 1d; Extended Data Figure 2). In each layer, the central 
equatorial parts of the spool are considerably better resolved than the top and 
bottom. In most areas, however, individual strands of dsRNA are resolved 
(Extended Data Figure 2). 
  
The first (outer) layer displayed several slightly different pseudo D3 geometries (pD3, 
pD3’, pD3’-1, pD3’-2, pD3’-3; Extended Data Figure 1; see also Fig 3). The first 
layer was particularly well resolved in pD3’-1. This map, together with the pD3 map 
where the resolved parts of the dsRNA strands in layers 2–5 were unambiguous, 
was used to build a model for ~90% of dsRNA genome (total length 13,385 bp; Fig 
1e,f; Extended Data Figure 2). Layers 1–4 are centered at 201, 170, 141, and 107 
Å radius, respectively, and the fifth layer resides between radii 65–100 Å (Fig 1d). 
The mean inter-strand distance is 26 Å between strands in the same layer and 29 Å 
between strands in different layers. The first four layers 1–4 are organized as nearly 
co-axial right-handed spools with the inclination of the double helix axes to the spool 
axis being 82, 77, 77 and 81o, respectively (Fig 1f). The innermost RNA does not 
follow this spooled arrangement. Instead, it is a barrel-like assembly of twelve 
ordered stretches of dsRNA, wound in a left-handed manner and running 
considerably more diagonally (36o inclination) than layers 1–4 at a distance of 70 Å 
from the spool axis (Fig 1e,f). This unique arrangement is likely required to avoid 
high degrees of curvature in the center of the capsid. The remaining ~10% of the 
RNA density, mainly at the spool ends, is disordered and could not be modeled. 
Notably, the RdRPs that are located under the 3-fold axes in unpackaged ɸ6 
particles19,20 are displaced from these positions in the nucleocapsid and it is thus 
possible that they partially detach from the P1 shell as the capsid expands during 
genome packaging and replication. The volume close to the spool axis, including the 
top and bottom parts of the spool, is the only significant volume not assigned to 
RNA. Thus the RdRPs might locate within this volume, a notion that requires 
verification by orthogonal methods21. 
  
The model of the ɸ6 genome facilitated a detailed analysis how dsRNA packs in the 
confines of a viral capsid (Fig 2). The mean density was 350 mg/ml, consistent with 
our earlier findings22 and with density measurements for purified short dsDNA 
segments in the cholesteric phase23–26. Densities for layers 1–5 were 389±61, 
391±40, 355±46, 338±38 and 278±58 mg/ml, respectively, suggesting that layers 1 
and 2 are more tightly packed than the rest (Fig 2a). The local packing of the strands 
is tighter at the spool equator than at the top and bottom of the spool (Fig 2b,c). To 
characterise the local packing geometries, we measured for each genome position 
how uniformly its neighboring strands are packed around it (defined by the 
polygonality index [PI], see Methods). PI varied over a wide range (~0.45–0.95; Fig 
2d) in all layers suggesting different types of local packing geometries. A high order 
of polygonality can arise from either hexagonal or cubic arrangement of strands (Fig 
2e,f). While the first layer has nearly equal amounts of these two types of 
arrangements (Fig 2e; Extended Data Figure 3), the fraction of cubic packing 
increases progressively in layers 2–5 (Extended Data Figure 3). The resolved ends 
of the spool follow neither of the two packing types, possibly due to higher curvature 
of RNA in these areas (Fig 2e,f). The angle of curvature increased progressively in 
layers 1–4, being 17±6, 18±5, 22±6, and 24±4 degrees, respectively (Fig 2g and 2h, 
inset). The spool ends that are less densely packed (Fig 2c) and less ordered than 
the middle of the spool (Fig 2e,f) are also highly curved (Fig 2h,i). Taken together, 
these analyses show that the genome is a cholesteric liquid crystal with local cubic 
and hexagonal geometries that are perturbed by the curvature of dsRNA. 
 
The observed liquid crystalline packing prompted further analysis of different 
genome organizations by three-dimensional classification. This revealed a second, 
clearly distinct organization for layer 1 (Fig 3a,b; Extended Data Figure 1). Unlike 
the pseudo D3 symmeties discussed above (Fig 1b; Fig 3a,c,e) this organization 
shows an approximate two fold-symmetry (pC2; Fig 3b,d). This range of 
organisations is consistent with coarse grained molecular mechanics simulations of 
dsDNA which have suggested that double-stranded nucleic acid is unlikely to adopt 
a unique organisation8. Reconstructions of the pD3 sub-conformations (pD3’-1, pD3’-
2, pD3’-3) revealed differences in the positions where the RNA strands transition 
from the first layer to the second, providing an explanation for the multitude of 
discrete genome organizations in the first layer (Fig 3f). Furthermore, it is possible 
that other sub-conformations exist not detected in our analysis. 
  
We hypothesized that the P1 shell partially orders the dsRNA, resulting in 
observable discrete organizations in the first layer. To exhaustively define all putative 
RNA–P1 interactions and their frequencies over the 60 P1A and P1B chains, we 
calculated all pairwise distances. Overall, positively charged amino acid side chains 
are slightly more frequent than negatively charged ones in close proximity to dsRNA 
(Fig 4, Extended Data Figure 4). Three asparagines (N279, N406, N570), which 
can potentially interact with the minor groove of the dsRNA27 (Fig 4c-e; Extended 
Data Figs 5 and 6), as well as a helix comprising residues 205–217 were also often  
close to RNA (Fig 4a,b). This helix has three hydrophobic residues (M209, A212, 
A216) aligned on the same face, and two positively charged residues (K215 and 
K208) on the two other exposed faces. The helix makes different types of contact to 
the RNA, either placed on top or side orthogonally to the axis of one strand of 
dsRNA (Fig 4d,f) or wedged parallel between two strands (Fig 4e). We propose that 
this helix plays a role as a guide for the nascent dsRNA segments during replication, 
in some areas acting as a spacer between the P1 shell and the RNA and in other 
areas wedging between the strands guiding their direction. 
  
The organisation of ɸ6 dsRNA genome is remarkably different from that of 
cypoviruses13,14, despite the fact that genomes in both of these viruses have an 
approximate D3 symmetry. This may be due to the several differences in the 
transcription mechanisms between Cystoviridae and Reoviridae: i. semi-
conservative28 vs  conservative transcription mechanisms29, ii. multiple polymerases 
capable of transcribing the same segment simultaneously30 vs one RdRP/segment11–
14,31, and iii. RdRPs capable of replicating and transcribing RNA in the absence of 
other viral proteins32 vs RdRPs active only in association with the the capsid shell 
proteins33,34. The observed nearly co-axial spooled organisation of the first four 
layers in cholesteric liquid crystal form resembles instead the conformations 
suggested for many dsDNA viruses6,8,23,35. Whereas in the case of cypoviruses, only 
one conformation of the dsRNA genome was described, ɸ6 genome adopts multiple 
clearly distinct conformations. A further striking difference is that unlike the ordered 
RdRPs of cypoviruses that are proximal to the viral capsid13,14, ɸ6 RdRPs were not 
detected in the three-fold symmetry positions they occupy in empty, unpackaged 
viral particles19,20, many of these positions being instead occupied by dsRNA. This 
suggests that the RdRPs detach from the P1 shell, a possible mechanism to prime 
the particles for transcription. The perpendicular arrangement of RNA strands in the 
middle of the spool allows relatively unstrained occupation of this low radius region 
and might be a way to optimise the packing in conjunction with the co-axial spooled 
arrangement that accounts for the rest of the layers at higher radii. This arrangement 
may also provide the required flexibility and space for RNA transcription mechanics 
and the exit of the transcripts. Further cryo-EM studies are expected to prove 
whether this organisation is utilized more widely in dsRNA viruses, how it is created 
during genome replication, and how it enables transcription of the genome 
segments. 
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Figure Legends 
 
Figure 1 | Structure of ɸ6 nucleocapsid and dsRNA genome. a, Structure of the  
ɸ6 nucleocapsid seen along an icosahedral two-fold symmetry axis (ellipse). A three-
fold axis (black line) is denoted with triangle. The positions of four P4 packaging 
NTPase (gray) are indicated. Different subunits of P8 that build the outer shell are 
colored in yellow, green, gold and brown. Different subunits of P1 that build the inner 
protein shell are colored in blue and red. Scale bar, 200 Å. b, A cut open view of the 
structure in the same orientation as in a showing the dsRNA density (purple) 
proximal to the P1 shell reconstructed without symmetry. Areas where the RNA 
transitions from the first layer to the second are indicated with triangles. The left inset 
shows a model of dsRNA (purple) built into the density (transparent surface) showing 
the major (filled triangles) and minor (open triangles) grooves. The right inset shows 
and area with RNA transitioning from the first layer (purple) to the second layer 
(cyan). c, The same dsRNA density as in b is shown in four different views (indicated 
by a rotation around an axis by the angle given). A cage with D3 symmetry (gray) is 
shown as a reference. d, Histogram showing the number of base pairs at different 
distances from the virion center. The RNA is organised in five layers (1–5) numbered 
consecutively from outside to inside. e, A slab cutting through the full genome model 
(ribbons) showing parts for all the five layers (colored as in d). f, Complete models 
are shown as ribbons for the five layers (colored as in d and e). Mean values for α 
(arc), the angle between a segment of RNA (double dashed line) and the spool long 
axis (arrow) as indicated in the schematic, are given. 
 
Figure 2 | Organization of the dsRNA genome. a, Local density is plotted as a 
histogram separately for the five layers. The mean and standard deviation of a fitted 
Gaussian function is given for each layer. b, The genome model is shown along the 
pseudo three-fold axis and colored based on local density. The front half is removed 
to show the middle part of the spool. c, The same model as in b is shown rotated as 
indicated and a slab of RNA is shown. The insets show two areas with high density. 
d, Polygonality index histogram is shown for the five layers. e, The genome model is 
shown along the pseudo three-fold axis with cubic and hexagonal regions colored. f, 
The same model as in e is shown rotated as indicated and a slab of RNA is shown. 
The insets show the same areas as in c and reveal hexagonal (top) and cubic 
(below) packing. g, Curvature value histogram for the five layers. The mean and 
standard deviation of a fitted Gaussian function is given for each layer. h, A slab of 
the model is shown to highlight areas of high curvature at the top of the spool. The 
inset shows a nearly straight area of the genome in the first (1) and the second layer 
(2). i, A slab of the model in h is shown rotated as indicated to show the nearly 
straight stands in the middle of the spool.  
 
Figure 3 | Organizational heterogeneity in the genome. a, Organization of the 
genome with pseudo D3 symmetry (denoted as pD3’, see Extended Data Fig 1) is 
shown along the pseudo three-fold axis of symmetry. b, Organization of the genome 
with pseudo C2 symmetry (pC2) is shown in the same orientation as in a. c–d, The 
organizations shown in a and b are shown rotated by 90 degrees as indicated. e, 
Three sub-organizations of pD3’ shown in a and c (pD3’-1, pD3’-2, pD3’-3) are 
rotated as indicated to reveal their differences. f, Close-ups of the three sub-
organizations shown in e are in the same order and orientation and colored as in Fig 
1. In pD3’-2 and pD3’-3, different transitions of dsRNA from the first layer (purple) to 
the second layer (cyan) are indicated with arrowheads. Note that both of these 
transitions are absent in pD3’-1.  
 
Figure 4 | Putative interactions between RNA and P1 shell. a, Density (from the 
D3 map), atomic models corresponding to the P1 shell (in pD3’-1 organization, blue 
backbone, P1A) and the RNA genome (dsRNA) are shown. P1 helix 205–217 which 
is often in close proximity to the RNA is indicated with an arrow head. b, A close-up 
between two asymmetric units showing two P1A chains (blue and teal). Helix 205–
217 is indicated with an arrowhead. c, A close-up of different types of putative 
interactions in two P1A subunits (teal, N570; blue, K208 and K217 from helix 205–
217). d, The two lysines of helix 205–217 (K208 and K215) are shown from an 
asymmetric unit where the helix in P1B subunit lies on top of the RNA orthogonal to 
it. A methionine (M209) ponting away from the RNA is labelled. e, A close up of P1B 
helix 205–217 from an asymmetric unit where the helix is parallel to two strands of 
RNA and wedges between them. f, A close-up of P1B helix 205–217 from an 
asymmetric unit where the helix is at considerable distance from the RNA.   
 
Methods 
  
Cryo-EM sample preparation. Bacteriophage ϕ6 was grown on its host 
Pseudomonas syringae pv. phaseolicola HB10Y36 and purified in the presence of 1 
mM MgCl2, 0.1 mM CaCl2 eas described previously37. Nucleocapsids were produced 
by Triton X-114 extraction and purified as described earlier18. A 3-µl aliquot of 
sample, diluted in buffer (20 mM KPO4, pH 7.2, 1 mM MgCl2, 0.1 mM CaCl2, 150 mM 
NaCl) to concentration of 3 mg ml-1, was applied to a glow-discharged grid (C-flat; 
Protochips, Raleigh, NC) and vitrified by plunge-freezing into liquid ethane using a 
vitrification apparatus (Vitrobot; Thermo Fisher). 
  
Data acquisition. Data were acquired over a single four-day session using a 300-kV 
transmission electron microscope (Titan Krios; Thermo Fisher) equipped with a 
direct electron detector (Falcon II, Thermo Fisher) at eBIC, Diamond Light Source, 
UK. Movies (33 frames, each frame 0.0625 s) were collected at dose rate of about 
32 e– per pixel per s at calibrated magnification of 98,592× resulting in a total dose of 
33 e– per Å2 and pixel size of 1.42 Å. Data acquisition statistics are summarized in 
Extended Data Table 1. 
  
Data processing. Movie frames were aligned to account for drift38 and contrast 
transfer function (CTF) parameters were estimated39. A total of 4,414 movies, 
showing minimal drift and astigmatism were used to pick ~86,000 particles. Particles 
were extracted for 2D reference free classification in Relion 1.440. Particles from 
classes showing a packaged genome and complete P1 and P8 layers were selected 
for 3D classification using a previously published NC structure (EMD-1206) as an 
initial model. A subset of ~55,000 particles extracted from movies was refined using 
standard refinement and particle polishing protocols implemented in Relion 2.0.3 and 
by applying icosahedral symmetry (Extended Data Figure 1; Extended Data Table 
2). 
         To reconstruct the genome without icosahedral symmetry, the source code of 
Relion 2.0.3 was modified to extend the prior information used in each iteration from 
one orientation to the 60 icosahedrally related ones. After subtracting the 
contribution of the capsid using relion_project41, 3D classification with one class and 
with restricted search ranges around each of the 60 prior orientations was performed 
relaxing the symmetry from I1 to C1 (Extended Data Figure 1). The resulting map 
showed clear density for the outer dsRNA layer but not for the other layers 
suggesting that the layers might be disordered relative to each other. To improve the 
density of the outer layer, the classification was rerun using a mask to exclude the 
contribution of the inner layers. To discern between the different genome 
conformations, localized reconstruction20 was performed on the area where the 
density was poorest leading to a pseudo-D3 organisation (~57% of particles) and 
pseudo-C2 organisation (~43% of particles). Whereas the latter class was mostly 
well resolved, the former class presented several density ambiguities indicating a 
possible overlap between multiple sub-conformations with even more subtle 
differences. To distinguish these sub-conformations, localized reconstruction was 
employed again on the same area of poorly resolved density leading to multiple well 
resolved classes, albeit at lower resolutions due to the decreased number of 
particles. 
         To obtain the structure of the second layer without the bias introduced by the 
better resolved capsid and the first layer, the density of the capsid and of the first 
layer were subtracted from the original images. Again, the inner layers were masked 
out, however, this time a local search where the angles were allowed to change ±3 
degrees was performed to account for the small deviations from the orientation of the 
first layer. The same procedure was applied to subsequently determine the 
structures of the third, fourth and fifth layers. No symmetry was applied on these 
layers. 
  
Model building. A previous model of the nucleocapsid asymmetric unit containing 
proteins P1A, P1B, the C-terminus of P4 and ten chains of P8 was fitted as a rigid 
body in the nucleocapsid density in UCSF Chimera42 and the model was refined in 
Refmac543. To build a model of the dsRNA, 30-mers of canonical A-form dsRNA 
were fitted in Coot44 as rigid bodies to serve as starting points. As the sequence of 
the RNA could not be assigned, the model was built using A–U base pairs. Using 
custom functionalities of Rosetta (available upon request from the authors)45, the 30-
mers were extended in both directions. For the strands crossing between layers, the 
map of the layer showing the best resolved density was used for each extension and 
the map of the other layer was used as validation. 
  
Analysis of packing parameters. The mean density of dsRNA was calculated 
within a sphere (radius of 220 Å), after subtracting the calculated volume 
corresponding to 10 RdRPs (average protein density 0.81 Da/Å3), and using the 
total length of the genome (13,385 bp) and the average molecular weight of 682 Da 
per base pair. Custom scripts were written to analyse different packing parameters 
from the model of the genome. In all subsequent calculations, the position of each 
base pair was estimated as the average across 10 neighbouring base pairs (11 base 
pairs in total corresponding to one full turn). The RNA packing density was 
calculated using all dsRNA atoms within 40 Å distance from each base pair position. 
For the first layer, the volume corresponding to the P1 shell was discarded by using 
a sphere cap with a height of 11.5 Å (the radius of A-form dsRNA). To determine 
polygonality, hexagonality, and cubicity for each base pair position, a plane 
containing the corresponding position and perpendicular to the direction of the 
corresponding strand was determined. The base pairs of nearby strands (closer than 
50 Å) that were closest to the position of interest and closer than 3.4 Å (helix rise of 
A-form dsRNA) from the plane were denoted as neighbours to the base pair in 
question. The number of neighbours was limited to 8 with maximum 3 in adjacent 
layers and 2 in the same layer. The polygonality index46, where n is the number of 
neighbours and ai are the angles between consecutive neighbours, was calculated: 
  !" =  12!! − !!!!!! ! + 1   
The neighbours that decreased the polygonality index were considered false 
positives and thus excluded from the calculation. Hexagonality index (HI) and 
cubicity index (CI) were calculated using only the 4 closest neighbours and their 
angular deviations from π/3 and π/4, respectively. The angle between the segments 
[k+n, k] and [k-n, k] was also determined and denoted as curvature for n=15 (ref 47). 
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Data availability 
Density maps and the model that support the findings of this study have been 
deposited in the Electron Microscopy Data Bank and in the Protein Data Bank with 
the accession codes EMD-0299 and PDB:6HY0 (nucleocapsid, icosahedral 
symmetry), EMD-0300 (nucleocapsid, D3 symmetry), EMD-0301 (genome first layer 
organization pD3), EMD-0302 (genome first layer organization pD3’), EMD-0303 
(genome first layer organization pC2), EMD-0304 (genome first layer sub-
organization pD3’-1), EMD-0305 (genome first layer sub-organization pD3’-2), and 
EMD-0306 (genome first layer sub-organization pD3’-3). Maps from the layer-by-
layer genome reconstruction have been submitted with the accession codes EMD-
0294 (genome second layer), EMD-0295 (genome third layer), and EMD-0296 
(genome fourth and fifth layers). 
 
Code availability 
Custom software code used in this study is available from the authors upon request 
and from https://github.com/OPIC-Oxford. 
 
Extended Data Legends 
 
Extended Data Figure 1 | Asymmetric reconstruction of the ɸ6 genome. a, The 
icosahedral symmetry (I1) in the ɸ6 nucleocapsid reconstruction, calculated from the 
original cryo-EM single particles (particle images), was relaxed to allow asymmetric 
reconstruction. The images, where the protein shells had been subtracted (genome-
only particle images), were used to calculate a D3 genome reconstruction in addition 
to asymmetric reconstructions that had either pseudo D3 (pD3) or pseudo C2 (pC2) 
symmetry. Three sub-conformations of the pD3’ reconstruction (pD3’-1, pD3’-2, 
pD3’-3) are shown rotated as indicated to reveal their differences in RNA 
organisation. The names of the reconstructions that were used to model the layers of 
the dsRNA genome and dsRNA–P1 interactions are in bold and are indicated with 
dotted lines. b–f, Fourier shell correlation (FSC) is plotted for the reconstructions 
included in further analysis, namely I1, D3, pD3, pC2, and pD3’-1. Volume masking 
(Masked) was used to focus the FSC test on the area used in further modelling and 
this increased the estimated resolution compared to the original unmasked 
reconstruction (Unmasked). Possible effects of the masking were compensated for 
by noise randomization (Randomized) to create the final FSC curve (Corrected). The 
resolution at which the correlation drops below the FSC=0.143 threshold is indicated. 
 
Extended Data Figure 2 | Model of the ɸ6 genome. The cryo-EM asymmetric 
reconstruction (Density) and the model built into the same density (Model) are shown 
for each of the genome layers. The layers are colored as in Figure 1. The density 
shown for layer 1 is from the pD3’-1 map and the density for layers 2–4 is from the 
pD3 map. 
 
Extended Data Figure 3 | Modes of dsRNA packing in ɸ6. A histogram with 
relative frequencies of base pairs located in hexagonal, cubic and undefined packing 
regions. The total number of base pairs defined for each layer is provided. 
 
Extended Data Figure 4 | Distances between different types of P1 residues and 
RNA. a–b, Fractions of different P1 amino acid residue types at different distances 
from the RNA are shown for the pD3 and pC2 models are shown in a and b, 
respectively. 
 
Extended Data Figure 5 | P1–RNA distances in the first genome layer with pD3 
symmetry. The frequency of P1 residues in the pD3 conformation that have non-
hydrogen atoms closer than 14 Å to dsRNA model non-hydrogen atoms is given in 
each distance bin (1–14 Å) for P1 chains A and B together (Chains A and B) and 
separately (Chain A and Chain B, respectively). The total number of residues with 
atom or atoms closer than the cutoff distance is given for each table (T). The 
difference in the total numbers between chains A and B is given (Comparison) as a 
log2 ratio (i.e. base-2 logarithm of the ratio of total frequencies for chains A and B). 
For example, value 1 means that chain A has 2 times as many included residues as 
chain B and value 2 means that chain A has 4 times as many included residues as 
chain B (negative values mean that chain B had more included residues). Those 
cases where an included residue was present only in one of the two chains are 
indicated (Only A and Only B).  
 
Extended Data Figure 6 | P1–RNA distances in the first genome layer with pC2 
symmetry. The frequency of P1 residues in the pC2 conformation that have non-
hydrogen atoms closer than 14 Å to dsRNA model non-hydrogen atoms is given in 
each distance bin (1–14 Å) for P1 chains A and B together (Chains A and B) and 
separately (Chain A and Chain B, respectively). The annotations are as in Extended 
Data Fig 5. 
 
Extended Data Table 1 | Cryo-EM data collection and nucleocapsid model. 
 
Extended Data Table 2 | Cryo-EM reconstruction parameters. * The number of the 
dsRNA layers is given. ** Resolution determined by Fourier shell correlation at 0.143 
threshold. 
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  Nucleocapsid 
(EMD-0299) 
(6HY0) 
Data collection and processing  
Magnification 98,592 
Voltage (kV) 300 
Electron exposure (e–/Å2) 33 
Defocus range (µm) 0.3–3.0 
Pixel size (Å) 1.42 
Initial particle images (no.) 86,114 
Final particle images (no.) 55,265 
Map resolution (Å) 
    FSC threshold 
3.5 
0.143 
Refinement  
Initial model used (PDB code) 5MUU 
Initial model resolution (Å) 
    FSC threshold 
4.0 
0.143 
Model resolution (Å) 3.5 
Map sharpening B factor (Å2) –240 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 
 
23,386 
3,051 
0 
B factors (Å2) 
    Protein 
    Ligand 
 
31 
N/A 
R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 
 
0.35 
0.57 
 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    
 
1.41 
3.51 
0.1 
 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 
 
96 
4 
0 
 
 
 NC 
(I) 
NC 
(D3) 
pD3 
layer*  
1 
pD3 
layer  
2 
pD3  
layer  
3 
pD3 
layers 
4–5 
pD3’ 
layer  
1 
pC2 
layer 
1 
pD3’-1 
layer  
1 
pD3’-2 
layer  
1 
pD3’-3 
layer  
1 
Particles 55,265 55,265 55,265 55,265 55,265 55,265 31,372 23,893 8,610 7,015 6,648 
Symmetry I1 D3 C1 C1 C1 C1 C1 C1 C1 C1 C1 
Resolution (Å)** 3.5 4.0 7.2 13.5 16.2 16.9 8.0 8.0 9.7 10.2 10.2 
B-factor (Å2) 240 220 N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Accession code EMD-0299 EMD-0300 EMD-0301 EMD-0294 EMD-0295 EMD-0296 EMD-0302 EMD-0303 EMD-0304 EMD-0305 EMD-0306 
 
 
